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Clustered regularly interspaced short palindromic repeats (CRISPR) in combination with associated sequences (cas) constitute
the CRISPR-Cas immune system, which uptakes DNA from invasive genetic elements as novel “spacers” that provide a genetic
record of immunization events. We investigated the potential of CRISPR-based genotyping of Lactobacillus buchneri, a species
relevant for commercial silage, bioethanol, and vegetable fermentations. Upon investigating the occurrence and diversity of
CRISPR-Cas systems in Lactobacillus buchneri genomes, we observed a ubiquitous occurrence of CRISPR arrays containing a
36-nucleotide (nt) type II-A CRISPR locus adjacent to four cas genes, including the universal cas1 and cas2 genes and the type II
signature gene cas9. Comparative analysis of CRISPR spacer content in 26 L. buchneri pickle fermentation isolates associated
with spoilage revealed 10 unique locus genotypes that contained between 9 and 29 variable spacers. We observed a set of con-
served spacers at the ancestral end, reflecting a common origin, as well as leader-end polymorphisms, reflecting recent diver-
gence. Some of these spacers showed perfect identity with phage sequences, and many spacers showed homology to Lactobacillus
plasmid sequences. Following a comparative analysis of sequences immediately flanking protospacers that matched CRISPR
spacers, we identified a novel putative protospacer-adjacent motif (PAM), 5=-AAAA-3=. Overall, these findings suggest that type
II-A CRISPR-Cas systems are valuable for genotyping of L. buchneri.

The pickle industry relies on the use of naturally occurring bac-
teria for the fermentation of cucumbers in large industrial

tanks (1). To control the diverse microbiota naturally associated
with pickles and to preclude spoilage by undesirable microorgan-
isms, salting and brining are implemented in industrial settings.
Unfortunately, acid- and halotolerant lactic acid bacteria often
contaminate the pickling process, resulting in a secondary fer-
mentation, which spoils the product by generating undesirable
attributes (1). Among commonly encountered bacterial contam-
inants, Lactobacillus buchneri has repeatedly been associated with
spoilage of fermenting pickles (1, 2). Recent advances in genome
sequencing of this species have shed light on the molecular under-
pinnings that allow L. buchneri to withstand the pickling process.
In particular, determining the complete genome sequences of
strains NRRL B-30929 and CD034 (3–5) established several ge-
netic loci for substrate utilization pathways (notably, those for
lactate and carbohydrates), including the ability to convert lactic
acid into acetic acid (5) and 1,2-propanediol (2). Conversely, the
biochemical properties of this robust bacterium have been ex-
ploited for silage inoculation to control yeast and mold growth
under anaerobic conditions during the fermentation of corn, bar-
ley, wheat, and other grains into animal fodder (5–7).

Bacteria used in industrial settings for fermentation purposes
are often challenged by ubiquitous bacteriophages, which occa-
sionally interfere with manufacturing processes and product qual-
ity (8). Although phage resistance has historically relied on diver-
sifying starter cultures and formulations based on the occurrence
of phage defense systems such as restriction-modification and
abortive infection (8), the recently discovered clustered regularly
interspaced short palindromic repeats (CRISPR) and associated
sequences (cas) have shown promise for phage resistance.
CRISPR-Cas systems consist of arrays of short DNA repeats inter-
spaced by hypervariable sequences, flanked by cas genes, that pro-
vide adaptive immunity against invasive genetic elements, such as
phages and plasmids, through sequence-specific targeting and in-

terference (9–16). Typically, invasive DNA sequences are acquired
as novel “spacers” (9), each paired with a CRISPR repeat and
inserted as a novel repeat-spacer unit in the CRISPR locus. Sub-
sequently, following locus transcription, CRISPR RNAs (crRNAs)
guide nucleases for sequence-specific recognition and cleavage
(10, 17–23). These systems are widespread in bacteria (�46%)
and archaea (�90%) and are classified into three main CRISPR-
Cas system types (24, 25), based on the cas gene content and bio-
chemistry. Early applications of CRISPR loci exploited the hyper-
variable nature of CRISPR spacers to type bacterial strains (8, 26).
Thereafter, the DNA interference features were readily harnessed
to enhance phage resistance in industrial starter cultures used in
the dairy industry, by selecting naturally resistant strains with en-
hanced CRISPR immunity (8, 9, 17, 19, 22). More recently, the
ability to direct sequence-specific DNA cleavage has been ex-
ploited for precise genome editing in many model organisms
(27–29).

Several studies have shown that hypervariable CRISPR loci can
readily be exploited for the genotyping of bacterial strains in
which these immune systems were once active (8, 26, 30–35). Be-
cause novel spacers are integrated in a polarized manner at one
extremity of the CRISPR array (9, 17, 26, 36), the spacer organi-
zation and content provide phylogenetic insights into the origin of
a strain as reflected by a shared ancestral spacer(s); historical
events, such as environmental phage exposure; and strain related-
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ness (through common spacer content) and divergence (inferred
from unique spacer content). We aimed to investigate the occur-
rence of CRISPR-Cas systems in L. buchneri to establish whether
these genetic loci can be used for the detection and typing of strains
that spoil cucumber fermentation, as there are currently no estab-
lished genotyping methods for these organisms. Previous studies
have shown that genotyping of lactobacilli can be performed success-
fully and accurately by using the unique DNA sequences that consti-
tute the CRISPR-Cas repeat-spacer array (8, 30, 37).

Diverse phages have been identified in vegetable fermenta-
tions, including pickle and sauerkraut fermentations (38–41). Ac-
cordingly, a secondary objective was to gain insights into the func-
tional role that CRISPR-Cas systems may play in this species,
notably with regard to interplay with invasive genetic elements, to
assess activity and the potential for phage resistance.

Overall, we provide a comparative analysis of the occurrence of
CRISPR-Cas systems in L. buchneri genomes and subsequently
investigate the diversity of these loci in select strains isolated from
industrial settings. We also provide an in silico analysis of impor-
tant genetic elements that characterize these systems. In addition,
we provide insights into the genetic diversity of these spoilage
organisms in space and time, unraveling their phylogenetic origin
and establishing their divergent evolutionary paths. Finally, we
investigate the origin of CRISPR spacers and reveal events that are
consistent with immunization against lytic bacteriophages, which
often occur in these environments.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Lactobacillus buchneri
strains were obtained from the USDA-ARS Food Science Research Unit,

Raleigh, NC (Table 1). All samples originated from an industrial manu-
facturing environment where cucumbers are fermented into pickles.
Mixed populations of lactic acid bacteria were first grown on filter-steril-
ized fermented cucumber slurry (FCS) and then selected for their persis-
tence under a diverse range of pH and salt conditions and their ability to
metabolize lactic acid. Colonies were isolated on de Man-Rogosa-Sharpe
(MRS) agar plates and subsequently identified using morphology and 16S
rRNA gene sequencing (1, 2). All strains identified at the species level as
Lactobacillus buchneri were then used in our study. Strains originated
from various sources, including commercial tank of origin and isolation
time (Table 1). Isolates were designated by an identification number, sus-
pended in glycerol, and stored at �80°C until the start of the experiment.

In silico analyses. Two complete Lactobacillus buchneri genome se-
quences, for strains CD034 (5) and NRRL B-30929 (3), and an additional
draft genome, for ATCC 11577, were obtained from GenBank (accession
no. NC_018610, NC_015428, and NZ_ACGH01000000) via the National
Center for Biotechnology Information’s website (http://www.ncbi.nlm
.nih.gov/) (42). The CRISPR database CRISPRdb (43) and CRISPRFinder
were used to identify putative CRISPR loci in the published L. buchneri
genomes and new CRISPR loci in draft genomes, respectively. After iden-
tifying several putative CRISPR loci in L. buchneri genomes, the basic local
alignment sequence tool (BLAST) (44) was used to compare and contrast
the sequences of cas genes, CRISPR repeats, and CRISPR spacers to those
of closely related systems found in Lactobacillus salivarius UCC118, Lac-
tobacillus brevis subsp. gravensis ATCC 27305, Lactobacillus pentosus
KCA1, and Pediococcus acidilactici DSM 20284. Additionally, BLASTp
analyses were used to characterize the cas genes in L. buchneri (24), estab-
lish the CRISPR-Cas system type and subtype, and align and determine
the identity and similarity of conserved cas genes between the different
bacterial species most closely related to L. buchneri. The putative trans-
encoded CRISPR RNA (tracrRNA) sequence and structure were predicted
by homology to characterized homologous sequences and predicted sec-

TABLE 1 Lactobacillus buchneri strains used in this study

Isolate ID

GenBank accession no.

Notes Reference16S rRNA genea CRISPR

LA1147 JQ249035 KF624608 Reduced-NaCl (2%) spontaneous fermented cucumber spoilage, day 7 2
LA1173 JQ249034 KF624603 Reduced-NaCl (2%) spontaneous fermented cucumber spoilage, day 7 2
LA1175 JQ249037 KF624603 Reduced-NaCl (2%) spontaneous fermented cucumber spoilage, day 7 2
LA1178 JQ249040 KF624604 Reduced-NaCl (2%) spontaneous fermented cucumber spoilage, day 7 2
LA1181 JQ249043 KF624602 Reduced-NaCl (2%) spontaneous fermented cucumber spoilage, day 7 2
LA1184 JQ249046 KF624611 Reduced-NaCl (2%) spontaneous fermented cucumber spoilage, day 7 2
LA1151 JQ249047 KF624602 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1152 JQ249048 KF624602 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1154 JQ249052 KF624611 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1155 JQ249053 KF624608 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1156 JQ249054 KF624609 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1157 JQ249055 KF624607 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1158 JQ249056 KF624607 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1159 JQ249057 KF624608 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1160 JQ249058 KF624607 Anaerobic spoilage in FCS with 4% NaCl and pH 3.8 source, days 4–6 2
LA1161 JQ249060 KF624605 Commercial anaerobic spoilage with 4% NaCl and pH 3.8 FCS source, days 4–6 2
LA1163 JQ249062 KF624608 Commercial anaerobic spoilage with 4% NaCl and pH 3.8 FCS source, days 4–6 2
LA1164 JQ249063 KF624608 Commercial anaerobic spoilage with 4% NaCl and pH 3.8 FCS source, days 4–6 2
LA1166 JQ249064 KF624608 Commercial anaerobic spoilage with 4% NaCl and pH 3.8 FCS source, days 4–6 2
LA1167 JQ249065 KF624605 Commercial anaerobic spoilage with 4% NaCl and pH 3.8 FCS source, days 4–6 2
LA1149 JQ086334 KF624608 Commercial cucumber fermentation spoilage isolate from 2010 1
LA1185 NA KF624606 Unpublished isolate from study of Johanningsmeier et al. (2) Unpublished data
LA1187 NA KF624602 Unpublished isolate from study of Johanningsmeier et al. (2) Unpublished data
LA1188 NA KF624606 Unpublished isolate from study of Johanningsmeier et al. (2) Unpublished data
LA0030 NA KF624610 Unpublished isolate from study of Johanningsmeier et al. (2) Unpublished data
LA0251 NA KF624610 Unpublished isolate from study of Johanningsmeier et al. (2) Unpublished data
a NA, not applicable.
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ondary structures (23, 45). Additionally, the repeat and spacer sequences
were analyzed for homology to known sequences in the GenBank data-
base. Repeat sequences showing homology to L. buchneri were identified
using BLASTn, a nonredundant nucleotide search tool. Sequences show-
ing �80% similarity over the entire 36-bp repeat in the type II-A locus and
over the entire 32-bp repeat in the type I-E locus were used for the com-
parative analysis of L. buchneri. The unique spacer sequences were com-
pared to known foreign genetic elements, such as viruses and plasmids, in
the following databases: nonredundant nucleotide collection (nr/nt),
genomic sequence surveys (gss), high-throughput genomic sequences
(HTGS), and whole shotgun sequences (wgs). Spacer sequences are de-
picted in an overview by unique color combinations, as previously de-
scribed (26). A protospacer hit was considered reliable if it showed at least
80% identity over the entire spacer sequence. Once a reliable protospacer
was determined, the flanking sequences (�10 nucleotides [nt]) on both
sides were subjected to a comparative analysis to determine whether con-
served nucleotides derived from a protospacer-adjacent motif (PAM)
were present (26, 36, 46). WebLogo (47) was used to generate a frequency
table allowing the identification of a novel PAM.

DNA sequencing of L. buchneri CRISPR-Cas systems. To prepare for
DNA extraction, cells were propagated overnight, resuspended in 10 ml of
MRS broth, and grown at 37°C in a Coy Laboratories (Grass Lake, MI)
anaerobic chamber. After 48 h, the DNA was extracted using a Zymo
Fungal/Bacterial DNA purification kit following the special protocol for
Gram-positive bacteria. PCR screening for CRISPR was used to determine
which CRISPR-Cas system was present in the isolated strains. To screen
for the type II-A repeat found in L. buchneri ATCC 1577, the primers
11577F (5=-GCTTTAGTAGTTCAAAAC-3=) and 11577R (5=-CATCATT
GTTTTGAACTACTAC-3=) were used. To screen for the type II-A repeat
found in L. buchneri CD034 and NRRL B-30929, the primers CD034F
(5=-GGGTTTAACCTTATTGATTTAAC-3=) and CD035R (5=-GAAGGA
TGTTAAATCAATAAGG-3=) were used. PCR amplification of the cas9
gene was performed using the primer set Cas9.1 (5=-CCTTCAGACTGA
CGGTTC-3=) and Cas9.Rev (5=-GTCTCGATATTGGGACCTC-3=). PCR
amplification of the repeat-spacer array in the 26 strains was performed
using the primer set RSA.Fwd (5=-CCAGAATGAATGATCTGTTG-3=)
and RSA.Rev (5=-CATCGACGAGAACTTTG-3=). PCR products were
purified using a Zymo Research DNA Clean and Concentrator-5 kit and
were sent for Sanger sequencing at Eton Biolabs, Raleigh, NC. The previ-
ously described in silico analyses were used to visualize the newly obtained
repeat-spacer array sequences.

Nucleotide sequence accession numbers. Sequences for all 10 unique
CRISPR genotypes were deposited in GenBank under accession numbers
KF624602 to KF624611 (Table 1).

RESULTS
Identification and characterization of CRISPR-Cas systems in L.
buchneri genomes. Multiple putative CRISPR arrays were identi-
fied in the L. buchneri complete and draft genomes. Specifically, a
type I-E CRISPR-Cas system was identified in the CD034 and
ATCC 11577 genomes, while a type II-A CRISPR-Cas system was
identified in the CD034, NRRL B-30929, and ATCC 11577 ge-
nomes. The type I-E locus was defined by a highly conserved 28-nt
CRISPR sequence nearly identical to systems also present in mul-
tiple Lactobacillus brevis genomes (see Table S1 in the supplemen-
tal material), with variety in the number of spacers across these
loci. As anticipated, this CRISPR-Cas system includes the univer-
sal cas1 and cas2 genes, together with the type I cas3 signature gene
(24) and the previously characterized Cascade and cas6 genes.
Note that this system is not ubiquitous in L. buchneri genomes,
limiting its potential as a universal target for typing purposes
within this species (3, 8).

Type II-A CRISPR-Cas systems were identified in all three L.
buchneri complete and draft genomes. This locus was defined by a
highly conserved 36-nt CRISPR sequence homologous to those
found in other Lactobacillus species, including L. salivarius, L. bre-
vis, and L. pentosus (Fig. 1). Likewise, this repeat sequence was
somewhat homologous to CRISPR found in more distant genera,
including Pediococcus and Streptococcus, notably the Streptococcus
thermophilus model type II-A CRISPR-Cas system (Fig. 1). These
systems carry the universal cas1 and cas2 genes together with the
type II signature cas9 gene, as well as csn2 (24), which is unique to
type II-A subtypes (Fig. 1). A comparative analysis of Cas protein
sequence conservation among these homologous type II-A sys-
tems revealed high similarity between the CD034 and NRRL
B-30929 strains and relatively limited homology to the other
aforementioned homologous systems, with 25% identity between
the CD034 and CNRZ Cas9 protein sequences (Fig. 1). Notwith-

FIG 1 Type II-A CRISPR-Cas systems. (Left) Architecture of the type II-A CRISPR-Cas systems in select lactic acid bacteria containing the type II signature cas9
gene together with the universal cas1 and cas2 genes as well as csn2, which is uniquely found in type II-A systems. The color scale reflects sequence similarity to
the CD034 reference sequences, with amino acid identity (top number) and isofunctional conservation (bottom number), ranging from lowest (light) to highest
(dark). (Right) Repeat sequences of the type II-A CRISPR in select lactic acid bacteria.
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standing CRISPR repeat sequence conservation and cas homolo-
gies, the hypervariable nature of these CRISPR loci across genera,
species, and strains is illustrated by the diversity observed in terms
of CRISPR spacer number and sequences, with as few as 11 and up
to 28 spacers within lactobacilli (Fig. 1).

Diversity of type II-A CRISPR loci. In order to determine the
occurrence of type II-A CRISPR-Cas systems in diverse L. buch-
neri strains, we carried out PCR analyses to ascertain the presence
of the signature cas9 gene (using internal primers) and the size of
the CRISPR array (using primers flanking the repeat-spacer array)

in a series of industrial isolates (Table 1). The results consistently
showed that this CRISPR-Cas system is ubiquitous and hypervari-
able in L. buchneri (Fig. 2). Indeed, we further determined the
repeat-spacer variability by sequencing the PCR amplicons and
reconstructing the spacer content of these strains (Fig. 3). Com-
parative analysis of CRISPR spacer contents and sequences across
26 strains revealed 10 different CRISPR genotypes containing be-
tween 9 and 29 spacers (Fig. 3). We observed conservation of
ancestral CRISPR spacers, revealing a common origin, including
that for the NRRL B-30929 strain, namely, spacers 1 and 2, reflect-
ing trailer-end conservation (45). Furthermore, the first block of
spacers (positions 1 through 8) was widely conserved throughout
our strain collection. Conversely, distinct sets of consecutive spac-
ers were shared only between certain sets of strains, revealing di-
vergent evolutionary paths. One such set of shared consecutive
spacers can be seen for genotypes e, f, g, and h, where spacers at
position 18 through 23 are strictly conserved in all 13 strains
across these four genotypes. This contrasts with spacers at posi-
tions 17 through 25 that are shared only between genotype a and
the NRRL B-30929 strain. The same applies to spacers at positions
15 and 16, which are shared “only” between genotypes a through
e. Overall, internal deletions and leader-end spacer diversity re-
vealed hypervariability between even closely related strains. Con-
sistent with previous reports indicating a preference for internal
deletions at the trailer end (26, 48), we observed 13 distinct spacer
loss events (Fig. 3), the large majority of which (11/13 events)
occur within the trailer half of the loci. Interestingly, LA 1156
exhibits an additional spacer at the leader end, which reflects novel
spacer integration and suggests that this locus is active.

FIG 2 PCR-based detection of the CRISPR-Cas elements in L. buchneri iso-
lates. (A) Visualization of conserved cas9 amplicons in 10 representative iso-
lates. (B) Visualization of the hypervariable type II-A repeat-spacer CRISPR
array in 10 diverse and representative isolates. A 1-kb DNA ladder is shown on
the sides of both gels.

FIG 3 CRISPR spacer overview. Visualization of the type II-A CRISPR spacer content for all 26 isolates and comparative analysis with the loci from the two
complete L. buchneri genomes. Only spacers are represented, with all conserved repeats removed. Each square represents a CRISPR spacer, and unique color
combinations represent unique spacer sequences. Deletions/missing spacers are represented by “x.” Spacers are numbered in order of predicted acquisition in the
locus. Each unique spacer combination was assigned a genotype (letters).
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Overall, the diversity found within this set of strains is interest-
ing considering that the samples came from at least three very
distinct industrial and laboratory settings.

Origin of CRISPR spacers and locus activity. In order to de-
termine the likely origin of the CRISPR spacers, we investigated
their homology to known sequences. Upon searching for homol-
ogous sequences not associated with CRISPR arrays, we identified
several matches to foreign genetic elements such as plasmids and
bacteriophages (Table 2), as anticipated (9, 17, 49). We did ob-
serve several matches to plasmids and phages associated with lac-
tobacilli, including examples where there is perfect identity be-
tween a CRISPR spacer and a protospacer from an invasive nucleic
acid. This, together with the aforementioned novel spacer inser-
tion event, is consistent with the involvement of these type II-A
CRISPR-Cas systems with adaptive immunity in L. buchneri.

Several studies have established that PAMs are implicated in
novel spacer acquisition (49) and Cas9-mediated sequence-spe-
cific cleavage of target nucleic acid (19, 21, 23). Thus, we aligned
the sequences flanking the protospacers that showed homology to
CRISPR spacer sequences and consistently observed the presence
of a 5=-AAAA-3= PAM two nucleotides downstream of the proto-
spacer (Fig. 4). Aligning the flanking sequences of the 35 hits re-
vealed a 5=-AAAA-3= tetranucleotide 2 nt downstream of the pro-
tospacer, which was confirmed by looking at the top 11 matches
(Table 2; Fig. 4). This PAM sequence is homologous to the 5=-
AGAA-3= PAM previously established for the closely related
CRISPR1-Cas type II-A system from S. thermophilus (26, 49).

Because Cas9 is the core protein driving spacer-dependent tar-
get recognition and cleavage, we further analyzed the Cas9 se-
quence and investigated the presence of biochemically relevant
residues in L. buchneri. We first looked at the N-terminal RuvC
motif and observed the presence of the conserved and important
Asp residue implicated in the nicking of the positive-strand target
DNA, namely, D31 within the IGLDIGT motif (19, 21). Next,

using the L. buchneri NRRL Cas9 protein sequence as a template
(annotated csn1 [GenBank accession no. AEB74124.1] in the pub-
licly available genome sequence), we investigated the presence of
conserved residues implicated in nicking of the negative target
strand, namely, H868-X13-N882-X8-N891 (19, 21), and observed a
pattern consistent with this exact spacing, as well as conservation
of these three biochemically relevant residues, namely, YDIDHI,
NNRVL, and INNG.

Further in silico analyses were carried out to characterize ele-
ments of type II-A CRISPR-Cas systems. Because the tracrRNA

TABLE 2 L. buchneri CRISPR spacer matches

Strain
Spacer
no.

Sequence

No. of nt
matches
in spacer
(among
30 nt)

Protospacer match
(accession no.) AnnotationLeft flank Protospacer Right flank

LA 1175 15 AAAATTCAGA CAACAAAAAAAGCGCTCC
GCAACGGCCATT

GCAAAACGCT 30 Food metagenome
(ASXE01000335)

Putative phage Mu Gam
protein

LA 1154 12 ATGAAGTTCA AGCTGTGTCAAACTAC
GTTGAATCCCAAGG

ACAAAACTTA 29 Food metagenome
(ASXE01000117)

Putative phage transcriptional
activator

LA 1152 2 CTGGTTTTAT AAACGGATATTGCGG
CTTATATTAACGAGC

TGAAATGGTT 30 Lactobacillus
brevis/pLB925A02

Plasmid mobilization protein

LA 1152 2 CTGGTTTTAT AAACGGATATTGCGGCT
TATATTAACGAGC

TGAAATGGTT 30 Lactobacillus buchneri
CD034/pCD034-1

Mobilization protein

LA 1147 10 AGAATATCGA CAACGCAGCTAAAGAT
AATCGTCAGAATTA

CCAGAAATTA 29 Food metagenome
(ASXE01000848)

Putative phage nucleotide-
binding protein

NRRL B-30929 9 TAAGCTTGGT GGAAAAAGGTGGCGGC
CGCTTTGTGCAAGG

TCAAGAAATG 30 Lactobacillus kefiranofaciens
ZW3/pWW2

Conjugal transfer protein

NRRL B-30929 3 TTACGCTTTA ACCGAGTTTCGTGATC
TCAAAAGTAGCTAC

GCAAAAACTA 30 Lactobacillus
paracasei/pLP5402

Plasmid replication initiation

LA 1188 1 TTCTTAGATG CCGCTTACTTGCCGTTA
AAGCGGGATATCG

TTCAAAAAGA 28 Lactobacillus plantarum
ZJ316/pLP-ZJ103

Transposase

LA 1161 21 AAAATTCAGA CAACAAAAAAAGCGCTC
CGCAACGGCCATT

GCAAAACGCT 30 Food metagenome
(ASXE01000848)

Putative phage nucleotide-
binding protein

LA 1161 23 CATTATGCTA AAGGTTCAGGTGTCTC
ACACGCTGAACTAG

ACAAAATTAT 29 Lactobacillus kisonensis
F0435

Phage tail tape measure
protein

LA 1161 24 CTTTATCTAG GAAATAAGCAGCCTCAT
TTGAAGCACCATG

CCAAAAATGA 30 Food metagenome
(ASXE01000470)

Putative phage lysozyme

FIG 4 PAMs. The 10-nt sequences flanking the 3= ends of the protospacer
sequences were aligned to generate a WebLogo (46). (A) PAM inferred from 35
matches (protospacer matches showing �80% similarity); (B) PAM inferred
from the top 11 matches (protospacer matches showing �90% similarity)
listed in Table 2.
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plays a critical role in type II CRISPR-Cas systems, crRNA biogen-
esis, and interference (21, 50), which relies on partial sequence
complementarity between the CRISPR and the tracrRNA (21, 45),
we investigated the presence of a tracrRNA in the vicinity of the
repeat-spacer array. We used the CRISPR repeat sequence to look
for partial matches in intergenic sequences flanking cas9, as pre-
viously described. We identified a putative 90-nt tracrRNA which
shows complementarity to the CRISPR repeat (Fig. 5) and con-
tains three predicted hairpins at the 3= end, reminiscent of the
idiosyncratic tracrRNA structure of other type II-A systems (23).
Consistent with previous reports (45), the putative L. buchneri
tracrRNA is located between the cas9 and cas1 genes in both
CD034 and NRRL B-30929.

DISCUSSION

We investigated the occurrence and diversity of CRISPR-Cas im-
mune systems in L. buchneri and characterized a type II-A system.
Specifically, we showed (i) strict conservation of the 5=-GTTTTA
GAAGGATGTTAAATCAATAAGGTTAAACCC-3= CRISPR se-
quence; (ii) typical cas gene content and architecture for this par-
ticular subtype, which includes the cas9 signature gene; (iii) high
spacer diversity between even closely related isolates, reflecting a
common origin yet extensive divergence; (iv) leader-end spacer
polymorphisms and matches to viral sequences consistent with
phage immunity; and (v) core elements necessary for functional
exploitation, namely, important residues within Cas9, a novel
PAM, and the necessary tracrRNA sequence and structure.

Comparative genome analysis of CRISPR content in L. buch-
neri genomes revealed the occasional presence of a type I-E system
and the universal occurrence of a type II-A system (24). The con-
served type II-A system provides an attractive single-locus target
for investigating the occurrence and diversity of L. buchneri strains
and could be broadly useful for genotyping of this species. Many
studies have established that CRISPR loci can be targeted for geno-
typing in multiple species and provide insights into the phyloge-
netic relationships between organisms, including closely related
isolates (30–35, 51). The preliminary results shown here suggest
that CRISPR loci could be targeted to investigate population di-
versity and evolution over space and time. Intriguingly, the most
prevalent genotype (genotype g) was detected in multiple strains
(LA 1147, LA 1149, LA 1155, LA 1159, LA 1163, LA 1164, and LA
1166) isolated at different times from separate locations. Likewise,
genotype a was detected from strains isolated from different
sources (Fig. 3; Table 1). This suggests that some genotypes are
naturally widespread and relatively robust. Nevertheless, we also
repeatedly observed the concurrent presence of multiple geno-

types within space and time, suggesting a naturally diversified
population. The diverse prevalence of multiple genomes may re-
flect predation by bacteriophages, as previously suggested (49,
52). Furthermore, shared ancestral spacers could provide a genetic
basis to establish phylogenetic relationships between strains
and/or clusters of strains. This is of particular industrial interest
given the widespread use of L. buchneri in silage inocula as well as
their exploitation in bioethanol manufacturing. Likewise, this tar-
get could be instrumental in the detection, typing, and monitoring
of strains that contaminate industrial vegetable fermentations
such as cucumber pickling.

With regard to the potential of CRISPR-based genotyping in
general, and within L. buchneri in particular, it is important to
point out the many advantages of these loci, which include target-
ing a hypervariable region flanked by conserved sequences (the
former can segregate between sequences, while the latter can be
exploited for primer design); providing a time-resolved record of
environmental immunization events (which reflects both a com-
mon phylogenetic origin between strains and recent divergence);
and using loci that are genomically stable, short, easily identifiable,
and widespread (8).

In addition to its genotyping potential, given the extensive cir-
cumstantial evidence implicating type II CRISPR-Cas immune
systems in adaptive immunity against phages, this system has po-
tential for phage defense exploitation in industrial cultures. Per-
haps this novel system can be exploited to enhance phage resis-
tance in L. buchneri strains used to inoculate silage, similar to what
has been implemented in S. thermophilus starter cultures (8, 9, 14,
17, 22). Studies have shown that resistance can be enhanced nat-
urally by selecting phage-resistant mutants with novel CRISPR
spacers or that novel immunity can be engineered using molecular
biology (9, 19). In L. buchneri, the observation of the concurrent
presence of two CRISPR genotypes that share spacer content, with
the exception of a single novel spacer at the leader end, strongly
suggests that this locus has the ability to naturally acquire novel
spacers in a polarized manner, as previously shown for active
CRISPR loci.

Furthermore, Cas9, with its conserved residues, associated
PAM, and tracrRNA, could be exploited as a novel nuclease for
genome editing. Several recent studies have repeatedly established
that Cas9 has tremendous potential for genome editing applica-
tions given the ability to reprogram DNA cleavage by this nimble
endonuclease (20, 27–29). The identification of a novel PAM (5=-
AAAA-3=), together with the accompanying putative tracrRNA,
opens new avenues for flexible Cas9-mediated genome editing
using native elements or guide RNAs. Further studies will investi-

FIG 5 Sequence and structural details for core CRISPR-Cas system elements. A section of the repeat-spacer array is shown (center) with the corresponding
protospacer (top), including flanking sequences (�10 nt) comprising the PAM, and the predicted tracrRNA sequence and structure (bottom), including the
complementary anti-CRISPR repeat, as well as three putative hairpins reminiscent of characterized tracrRNAs.
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gate the potential of this type II-A system for genotyping, phage
resistance, and genome editing.
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